. Since the 1980s, the National Cancer Institute (NCI) has studied a cohort of workers in formaldehyde-producing and formaldehyde-using plants to evaluate cancer risks ( 4 ) . In the most recent report, which made use of follow-up data through 1994, it was found that relative risks (RRs) for lymphohematopoietic malignancies, including leukemia, and in particular myeloid leukemia, increased with increasing peak-and average-intensity formaldehyde exposure ( 5 ) . In this analysis, we extended the mortality follow-up by 10 years to further examine associations between formaldehyde exposure and mortality from lymphohematopoietic malignancies and the evolution of these associations over time.
Methods

Cohort Design and Follow-up
The cohort consists of 25 619 workers employed in one of 10 industrial plants in the United States before January 1, 1966. The 10 plants were manufacturers of formaldehyde, formaldehyde resins, or molding compounds or were major users of formaldehyde resins or molding compounds, including molded plastic products, decorative laminates, photographic film, and plywood. The original study included deaths through 1979 ( 4 ) ; an extension of this study added deaths from the beginning of 1980 through December 31, 1994 ( 5 , 6 ) .
Before 1980, vital status of cohort members was determined using data from the Social Security Administration, the Health Care Financing Administration, the Veterans Administration, credit bureaus, motor vehicle departments, and telephone directories. For deaths reported before 1980, death certifi cates were obtained to determine the underlying cause of death. After 1980, the cohort was traced using the National Death Index Plus (NDI Plus) ( http://www.cdc.gov/nchs/r&d/ndi/ndi.htm ) through December 31, 2004 . In this update, we found 1006 deaths that occurred between 1980 and 1994 that had not been included in previous analyses ( 5 , 6 ) , and we explored why these deaths were not identifi ed in the previous linkage. There was no apparent change in NDI procedures for assigning matches, and the matching scores provided by NDI for those 1006 not included in the previous analyses were not different from those that were included. For this reason, we believe that the additional deaths are not due to a systematic liberalization of matching criteria. We were unable to access the full fi le provided by NDI after the initial 1994 linkage to further explore potential reasons for the discrepancy. Therefore, we do not have an explanation for why these 1006 deaths were not included in the previous analyses. We have assumed that these deaths represent the actual experience of the cohort, and we have included them in all analyses for this update. We also identifi ed four individuals previously considered deceased (one who died from other or unspecifi ed leukemia, two with chronic ischemic heart disease, one who died as a result of assault by fi rearms or explosives) who we did not consider to be deceased in current analyses. For deaths occurring between 1980 and 2004, we used the underlying cause of death reported by NDI Plus, as opposed to relying upon manual coding as was done in previous analyses ( 5 , 6 ) . Relying on NDI Plus cause of death resulted in changing the cause of death for six individuals from a lymphohematopoietic malignancy to some other cause (one multiple myeloma to melanoma, one myeloid leukemia to neoplasm of unspecifi ed nature of other and unspecifi ed organs, one non-Hodgkin lymphoma to pneumococcal pneumonia, and three myelofi brosis to other diseases of blood forming organs, neoplasm of unspecifi ed nature, or septicemia). In two instances, the original cause of death (lung cancer and pneumococcal pneumonia) was changed to a lymphohematopoietic malignancy (multiple myeloma in both cases). These changes did not substantively affect previously reported results. After the addition and recoding of causes of death, the relative risks with follow-up through 1994 for the highest category of peak exposure compared with the lowest were increased for all lymphohematopoietic malignancies (RR = 1.48; 95% CI = 1.04 to 2.12, P trend = .03), Hodgkin lymphoma (RR = 3.30; 95% CI = 0.98 to 11.10, P trend = .04), multiple myeloma (RR = 2.03; 95% CI = 0.89 to 4.64, P trend = .14), all leukemia (RR = 1.60; 95% CI = 0.90 to 2.82, P trend = .09), and myeloid leukemia (RR = 2.79; 95% CI = 1.08 to 7.21, P trend = .02). For average intensity, the relative risk in the highest category was 1.25 (95% CI = 0.85 to 1.83, P trend = .40), 3.06 (95% CI = 0.90 to 10.35, P trend = .03), 1.39 (95% CI = 0.59 to 3.29, P trend > .50), 1.34 (95% CI = 0.74 to 2.41, P trend > .50), and 2.19 (95% CI = 0.92 to 5.25, P trend = .11), for all lymphohematopoietic malignancies, Hodgkin lymphoma, multiple myeloma, all leukemia, and myeloid leukemia, respectively. The full revised results for followup through 1994 are available in Supplementary Tables 1 -4  (available online) .
CONTEXT AND CAVEATS
Prior knowledge
Previous analysis of data from a cohort of workers in formaldehyde industries and data from other epidemiologic studies suggested that exposure to this carcinogen was associated with increased risk of leukemia.
Study design
Prospective cohort study of workers who had been employed in formaldehyde industries. Exposure was estimated based on work histories, and deaths and causes of deaths were obtained from the National Death Index. Poisson regression was used to calculate risks of death from lymphohematopoietic malignancies associated with formaldehyde exposure.
Contribution
The long-term follow-up of industrial workers in this study suggested a possible association between formaldehyde exposure and mortality due to lymphohematopoetic malignancies, particularly myeloid leukemia.
Implications
Further epidemiological studies to evaluate risks of leukemia and lymphatic tumors in formaldehyde-exposed populations are warranted.
Limitations
This study relied on death certificate data, which may lack specificity with respect to sub-types of disease.
From the Editors
We did not contact study participants, and the National Institutes of Health Offi ce of Human Subjects Research determined that the study was exempt from an Institutional Review Board review. When it was necessary to obtain death certifi cates, we obtained approval from individual state institutional review boards.
Exposure Assessment
A comprehensive description of exposure assessment was given in previous reports ( 4 , 7 , 8 ) . Exposure to formaldehyde was estimated for each job from individual work histories abstracted in 1980. Calendar time -and plant-specific estimates were made on the basis of expert assessment of job and department titles and tasks associated with the jobs by using current and past measurement data. For each job, continuous 8-hour, time-weighted average formaldehyde intensity (TWA8) (expressed in parts per million [ppm]) was estimated. Because excess leukemia mortality had been observed in several surveys of anatomists, pathologists, and embalmers, possibly due to their intermittent exposure to relatively high levels of formaldehyde, categorical levels of peak exposure (none, >0 to <0.5 ppm, 0.5 to <2.0 ppm, 2.0 to <4.0 ppm, or ≥ 4.0 ppm) and peak frequency (monthly, weekly, daily, or hourly) were estimated. Peak exposures were defined as short-term exposures (generally less than 15 minutes) that exceeded the TWA8 category. The TWA8 categories were developed before the estimation process to reflect the approximate levels of sensory experiences of detectable odor and eye irritation and tearing. Peak exposures could be related to either routine or nonroutine high-exposure tasks or could result from nonroutine unusual events, such as spills. Peak frequency was estimated on the basis of knowledge of the job and the likelihood that a high-exposure task or event would occur. Because there was no direct information on frequency of peaks, a higher degree of uncertainty is associated with the frequency than the level of peak exposure. The presence of formaldehyde-containing particulates and exposure to other widely used chemicals in the plants were identified (eg, antioxidants, asbestos, benzene, carbon black, dyes and pigments, hexamethylenetetramine, melamine, phenol, plasticizers, urea, and wood dust). Subjects contributed person-time at risk from year of fi rst employment at the plant (1930 -1966) or cohort identifi cation (1934 -1958) , whichever was later, through loss to follow-up (n = 676), the date of death, or December 31, 2004 , whichever was earlier.
Statistical Analysis
We developed time-dependent formaldehyde exposure indices. Study participants contributed time to the nonexposed category until they became exposed, at which time they contributed person-time to the appropriate exposure category on the basis of the level of exposure for all previous jobs. Duration of exposure (years) was the total time in exposed jobs. Cumulative exposure (ppm-years) was the product of the duration of formaldehyde exposure in years and the TWA8 in parts per million in each job summed across all jobs. Average intensity (ppm) was the total cumulative exposure divided by duration (years) of exposure. For the calculation of maximum peak exposure, jobs not identifi ed as having peak exposure levels that exceeded the TWA8 category were assigned the TWA8 intensity category as peak level because it was considered to refl ect the maximum level of intensity in those jobs. For analysis, we used four peak exposure categories (none, >0 to <2.0 ppm, 2.0 to <4.0 ppm, or ≥ 4.0 ppm). Despite uncertainties associated with estimates of peak frequency, relative risk by frequency of peaks ≥ 4.0 ppm was also evaluated. The number of peaks exceeding ≥ 4.0 ppm and corresponding to hourly, daily, weekly, or monthly peak frequency was set to 2000, 250, 50, or 8.2 per year employed in a job, respectively, and summed across all jobs with peaks ≥ 4.0 ppm. To ensure an adequate number of cancer cases in the exposed categories, analytic categories were based on the approximate 60th and 80th percentiles among exposed subjects who died from cancer for average intensity and cumulative exposure (0.1 to <0.5, 0.5 to <1.0, ≥ 1.0 ppm and ≥ 0 to 1.5, 1.5 to <5.5, ≥ 5.5 ppm-year, respectively).
Standardized mortality ratios (SMRs) were calculated using sex-, race-, age-, and calendar-year -specifi c US mortality rates ( 9 ) . Relative risks were estimated with Poisson regression analysis; stratifi ed for calendar year (5-year categories), age (5-year categories), sex, and race (white or other ); and adjusted for pay category (salary, ever wage, or unknown). When calculating the relative risks, the lowest nonzero category of exposure was considered to be the most appropriate referent group. We calculated trend tests on the basis of all person-years and on exposed person -years only. Unless otherwise stated, reported trend test P values were based on exposed person-time. For average intensity and cumulative exposure, trend tests were based on the likelihood ratio for the regression coeffi cient of the continuous exposure variable. For peak exposure, category ranks were used for the trend tests. Heterogeneity of exposure-specifi c relative risk estimates by race, gender, and pay category was examined by comparing stratumspecifi c risk estimates using likelihood ratio tests.
We calculated cumulative relative risks by moving the end of follow-up forward in yearly increments starting in 1965 to examine the change in associations with the accrual of person-time and events. For peak and average intensity of exposure, we plotted the relative risks for the medium-and high-exposure categories and calculated P values for the trend in the exposed by year of end of follow-up. The fi nal points on the graphs correspond to relative risk estimates and trend P values for follow-up ending in 2004 (presented in Tables 2 and 3 ). We also evaluated the relative risk for myeloid leukemia by nonoverlapping time periods corresponding to the calendar time of the fi rst report (before 1981), the 2003 report (1981 -1994) , and the added follow-up in this report (1995 -2004) . We evaluated risks by time since the start of the fi rst formaldehyde-exposed job, with 15 or fewer years before as the referent category, and time since fi rst peak exposure of greater than 4.0 ppm, with 25 or fewer years as the referent category.
We evaluated confounding by controlling for duration (0, ≥ 0 to <5, ≥ 5 years) of working as a chemist or laboratory technician because of potential exposure to the known leukemogen benzene, exposure to formaldehyde-containing particulates, and exposure to 11 substances (antioxidants, asbestos, benzene, carbon black, dyes and pigments, hexamethylenetetramine, melamine, phenol, plasticizers, urea, and wood dust) that may be either associated with formaldehyde exposure or with lymphohematopoietic malignancies. We also performed analyses excluding persons potentially exposed to benzene, evaluated the effect of salaried and wage workers separately, and performed plant-adjusted analyses.
We used a 2-year lag interval for all exposure indices for consistency with previous analyses ( 5 ). We evaluated lag intervals from 2 through 25 years by person-time for which exposure was available, that is, by censoring subjects in 1980 plus the lag time for each evaluated lag period, and found that longer lags of around 18 years best fi t the data, although they did not change the risk estimates. Because there was not strong support for assuming that either a longer or a shorter lag was most appropriate, we report results with a 2-year lag.
For each formaldehyde exposure metric except peak exposure, which was inherently categorical, we evaluated departure from linearity of the relationship between the log relative risk and formaldehyde exposure by assessing the statistical signifi cance of a quadratic curvature term in a model with the continuous exposure metric fi tted to the exposed only. No evidence of nonlinearity was observed.
Estimates of formaldehyde exposures after 1980 were not developed, as this was the last year the work records were abstracted; in the primary analyses, we assumed zero exposure occurred after this date. We carried out two sensitivity analyses to evaluate this assumption. First, we assigned a maximum likely exposure by assuming that subjects who were in exposed jobs in 1980 remained exposed at this level until age 65 years, death, or the end of the study, whichever came fi rst. This assignment affected 2809 individuals, with 35 422 person-years of follow-up (3.5% of total person-years). In a second approach, we censored the follow-up 2 years after the end of the last job for all individuals who were still exposed in 1979 and alive 2 years later (n = 2810), which reduced total person-years by 53 290 (5.3%).
All analyses were performed with EPICURE software ( 10 ) , and all statistical tests were two-sided. The threshold for statistical signifi cance was .05.
Results
Description of the Cohort
The 25 619 cohort members accrued 998 106 person-years of follow-up, and the median length of follow-up was 42 years. Overall, 92.7% of those in the cohort were white, 87.8% were male, and 78.5% were hourly workers. There were 13 951 deaths that occurred from 1943 through December 31, 2004 . The median ages at entry into and exit from the study were 26 and 69 years, respectively.
There were 4359 workers who were classifi ed as never exposed to formaldehyde. The median estimated formaldehyde TWA8 for exposed individuals was 0.3 ppm (range = 0.01 -4.3 ppm), and the median cumulative exposure was 0.6 ppm-years (range = 0.0 -107.4 ppm-years). There were 3927 workers with average intensity levels ≥ 1.0 ppm and 6255 who experienced peak formaldehyde exposures ≥ 4.0 ppm. Of these, 25% experienced such peaks less than 25 times and 25% experienced them more than 700 times.
Formaldehyde Exposure and Mortality
For those exposed to formaldehyde, the risk of death from all causes was similar to that in the US population (SMR = 1.02; 95% CI = 0.99 to 1.03); among those unexposed, the risk was lower (SMR = 0.90; 95% CI = 0.85 to 0.94). Standardized mortality ratios for all cancers and all solid cancers were statistically significantly elevated among the exposed (1.07; 95% CI = 1.03 to 1.11 and 1.09; 95% CI = 1.05 to 1.13, respectively), but slight deficits were observed among the unexposed (SMRs = 0.93; 95% CI = 0.84 to 1.03 and 0.94; 95% CI = 0.84 to 1.05, respectively). The 319 deaths from lymphohematopoietic malignancies resulted in similar standardized mortality ratios in exposed and unexposed (SMR = 0.94; 95% CI = 0.84 to 1.06 and SMR = 0.86; 95% CI = 0.61 to 1.21, respectively) among exposed workers and 0.86 among the unexposed ( Table 1 ) . Relative risks for death from all causes decreased with increasing peak, average intensity, and cumulative exposure levels (all three P values from tests of trend were less than .001, data not shown). Risks for all cancers combined decreased with increasing peak ( P trend = .01); trends for cumulative exposure ( P trend = .07) and average intensity of exposure ( P trend = .22) did not attain statistical significance.
There was a statistically signifi cant positive association between the risk of lymphohematopoietic malignancies and peak formaldehyde exposure ( P trend = .02) (RR = 1.37; 95% CI = 1.03 to 1.81) among those with peak exposures ≥ 4.0 ppm compared with those with peaks ≥ 0 to <2.0 ppm ( Table 2 ). For leukemia, the risk was elevated in the highest peak category (RR = 1.42; 95% CI = 0.92 to 2.18), and the P trend was lower when unexposed subjects were included ( P trend = .02) than when they were not included ( P trend = .12, Table 2 ). No statistically signifi cant associations were observed with average intensity ( Table 3 ) or cumulative exposure to formaldehyde ( Table 4 ) . For the highest peak exposure, there was a non-statistically signifi cant elevated relative risk for myeloid leukemia (RR = 1.78; 95% CI = 0.87 to 3.64, P trend = .13). When including all person-years (both unexposed and exposed), the P trend was .07. For the highest average intensity, there was a statistically nonsignifi cant increase for myeloid leukemia (RR = 1.61; 95% CI = 0.76 to 3.39; P trend = .43). There was no evidence of an association of any lymphohematopoietic malignancies with cumulative exposure ( Table 4 ) .
Risks for Hodgkin lymphoma increased with greater peak ( P trend = 0.01, Table 2 ) and average intensity of exposure ( P trend = .05, Table 3 ) with two-to fourfold relative risks in higher exposure categories. Associations were weaker for cumulative exposure ( P trend = .08, Table 4 ). The relative risk for multiple myeloma was elevated among workers with the highest peak exposure (RR = 2.04; 95% CI = 1.01 to 4.12, P trend = .08, Table 2 ). Unexposed subjects were at increased risk for death from multiple myeloma compared with those with the lowest nonzero levels of exposure for both peak and average intensity of exposure ( Tables 2 and 3 ).
There was no evidence that risks increased with cumulative number of peaks ≥ 4.0 ppm or for duration of exposure for any cause of death evaluated (data not shown).
Effect of Factors Other Than Formaldehyde Exposure
Controlling for duration of exposure to 11 potentially confounding substances or working as a chemist or laboratory technician did not meaningfully change results (data not shown). Excluding individuals with possible benzene exposure (n = 586) did not change the relative risk for myeloid or lymphatic leukemia in the highest peak exposure category (RR = 1.77; 95% CI = 0.85 to 3.69 and RR = 1.16; 95% CI = 0.54 to 2.48, respectively) or any other cancer (data not shown). We found no evidence of heterogeneity of relative risks by race (white or other), sex, or pay category (salaried or hourly). Adjusting for plant did not substantively change results.
Effect of Unknown Post-1980 Exposures
We evaluated sensitivity of results to unknown post-1980 formaldehyde exposure. Risk patterns were similar when we assigned exposures at 1980 levels until age 65 or death. When we censored workers who were exposed in 1980, the association with myeloid leukemia was stronger for peak and average intensity of exposure: relative risks for peak exposure were 1.93 (95% CI = 0.76 to 4.90) and 2.64 (95% CI = 1.12 to 6.20) for 2.0 to <4.0 ppm and ≥ 4.0 ppm, respectively ( P trend = .03), compared with 1.30 (95% CI = 0.58 to 2.92) and 1.78 (95% CI = 0.87 to 3.74) in the primary analysis ( Table 2 ) . For average intensity, the relative risks were 1.46 (95% CI = 0.62 to 3.42) and 1.75 (95% CI = 0.77 to 3.97) for 0.5-< 1.0 ppm and ≥ 1.0 ppm, respectively ( P trend = .37), compared with 1.21 (95% CI = 0.56 to 2.62) and 1.61 (95% CI = 0.76 to 3.39) in primary analyses ( Table 3 ). The relative risk for myeloid leukemia for the highest category of cumulative exposure was 0.90 (95% CI = 0.35 Table 1 ( Table 4 ) . Patterns for other diseases were largely unchanged.
Extending End of Follow-up by Yearly Increments and Time Period Analyses
Similar to our previous report, excesses of myeloid leukemia were found in the highest peak exposure category up to 1994 (RR = 2.79; 95% CI = 1.08 to 7.21, P trend = 0.02). Relative risks for the two periods of follow-up until this time were 3.92 ( P trend = .12) before 1981 and 2.70 ( P trend = .21) for 1981 -1994 for the highest peak exposure category. There was no excess in the most recent followup time period of 1995 -2004 (RR = 0.71; P trend > .50). In the highest peak exposure category, the cumulative risks, calculated by extending the calendar-year of follow-up by 1 year, were elevated over the complete follow-up for myeloid leukemia ( Figure 1 , relative risk estimates), with statistically significant trend P values starting in 1990 and continuing up to 2000 ( Figure 1 , trend P value plot). Among those exposed to peaks ≥ 4.0 ppm, the risk of myeloid leukemia appeared highest <25 years since first peak exposure ≥ 4.0 ppm (data not shown). The risk was also highest in the period from 15 to 25 years since the start of the first formaldehyde-exposed job (RR = 2.44; 95% CI = 0.45 to 13.25) compared with the period <15 years since first exposure. Cumulative risks among those in high-and medium-peak exposure categories were elevated over most of the study follow-up time for Hodgkin lymphoma and lymphohematopoietic malignancies ( Figure 1 ). Risks for average intensity of exposure showed similar patterns, although risks were generally attenuated compared with those associated with peak exposure ( Figure 2 ) . Relative risks for all lymphohematopoietic malignancies (RR = 1.30; 95% CI = 0.68 to 2.49), leukemia (RR = 2.13; 95% CI = 0.64 to 7.15), and Hodgkin lymphoma (RR = 1.54; 95% CI = 0.42 to 5.62) were similar to myeloid leukemia in that risks were highest 15 -25 years since fi rst formaldehyde exposure.
Discussion
We found a statistically significant association between death from lymphohematopoietic malignancies and peak exposure to formaldehyde in this large cohort of workers in formaldehyde industries followed through 2004 but no association with average intensity or cumulative exposure. For peak exposure, the cumulative risk estimates, calculated by extending follow-up by yearly increments for the highest exposure category, remained statistically significant throughout but decreased when extending the follow-up beyond 1980. Relative risks with average intensity were at or near their maxima when follow-up ended in the 1980s and declined with accrual of additional person-years and events. Other studies that have examined associations with all lymphohematopoietic malignancies have reported mostly small excesses of these cancers that were based on small numbers of subjects ( 11 -18 ) . A cohort study of 11 039 garment workers was recently updated ( 19 ) and found no excess of all lymphohematopoietic malignancies.
The overall associations of formaldehyde exposure with leukemia and myeloid leukemia in the NCI cohort have diminished with an additional 10 years of follow-up since our previous analysis ( 5 ). For peak exposure and myeloid leukemia, the cumulative risk estimates were highest before 1980 but only achieved statistical signifi cance in the early 1990s, after which they slowly declined. This pattern Table 3 . Association between the average intensity of exposure to formaldehyde and death from lymphohematopoietic malignancies, mortality follow-up through 2004 *
Cause of death (ICD-8 codes)
Average formaldehyde intensity (ppm) P trend † P trend ‡ 0 >0-< 0.5 0. could refl ect the increased precision of the relative risk estimates with accrual of additional person-years and myeloid leukemia cases or could refl ect a relatively short induction -incubation time for myeloid leukemia because analyses by time since fi rst exposure and fi rst high peak both indicate highest risks within the fi rst 25 years. Our analysis also revealed striking differences in the relative risk for lymphatic and myeloid leukemia for peak exposure, suggesting subtype specifi city over the entire cohort follow-up, although this is diffi cult to reliably assess with mortality data. Studies of pathologists, embalmers, and other professionals exposed to formaldehyde have provided evidence of increased risk of leukemia in these individuals ( 11 , 13 , 15 -18 , 20 , 21 ) , with some suggesting an association between work in occupations with formaldehyde exposure and myeloid leukemia ( 11 , 13 , 16 ) . Studies of industrial workers exposed to formaldehyde are less consistent, with some showing positive associations with leukemia ( 19 , 22 ) and others not ( 23 -27 ) . Two cohorts of industrial workers have been recently updated. In a study of 11 039 garment workers in the United States, Pinkerton et al. ( 19 ) found a statistically nonsignificant excess of myeloid leukemia that was greatest among workers exposed at earlier time periods, with 10 or more years of exposure and with 20 or more years since fi rst exposure. However, quantitative estimates of peak, average intensity, or cumulative exposure were not developed. The mean TWA8 intensity of 0.15 ppm (range = 0.09 -0.20 ppm) reported by Pinkerton et al. ( 19 ) for a random sample of study workers in the early 1980s was probably higher than that in the past but considerably lower than in our study. In a study of 14 014 men in British chemical factories similar to those in our study, Coggon et al. ( 24 ) showed no association with leukemia or any other lymphohematopoietic malignancy. The authors reported that 28% of workers had estimated exposures >2.0 ppm, suggesting higher exposure levels than those in our study. However, the exposure assessment was not calendar time specifi c. Because exposure levels have generally decreased over time in most factories, exposures for those working more recently would therefore be classifi ed at higher levels than in our study ( 8 , 28 ) . Second, exposure in the Coggon study was evaluated as intensity in the highest exposed job ever held, whereas intensity of exposure in the NCI cohort was based on person-time -weighted average intensity across all jobs. These differences would create the appearance that levels in the British cohort were higher than those in the NCI cohort, when they likely were not. Finally, Marsh and Youk ( 29 ) reanalyzed the data from an earlier report of the NCI cohort using different category cut points for average intensity, cumulative exposure, and exposure duration and showed a similar pattern of relative risks as observed by Hauptmann et al. ( 5 ) for leukemia and myeloid leukemia. They examined the effect of duration of time worked in each highest peak category and of time since highest peak exposure within each category of peak and the effect of duration and time since fi rst exposure within categories of average 
Cumulative exposure (ppm-year) P trend † P trend ‡ 0 >0 to <1.5 1.5 to <5. intensity of exposure. They found little evidence of associations within exposure categories, which is not unexpected given the limited power for conducting stratifi ed analyses (eg, three categories of time by three categories of exposure based on 28 exposed cases for myeloid leukemia). They also demonstrated that standardized mortality ratios for peak exposure categories and all leukemia and myeloid leukemia increased from defi cits in the lowest exposed (eg, 0.4 -0.5) to excesses in the highest exposed (eg, 1.2 -1.4) categories ( 29 ) . In our current update through 2004, standardized mortality ratios similarly increased from the lowest to the highest peak exposure categories; however, the standardized mortality ratios in the lowest exposed (referent) category did not statistically significantly differ from 1.0, with values of 0.87 for leukemia and 0.68 for myeloid leukemia.
In its evaluation of the carcinogenicity of formaldehyde, the IARC Working Group concluded that based on available data, it was not possible to identify the mechanism by which formaldehyde may induce leukemia. Although the relevance of cytogenetic damage in mature peripheral lymphocytes to leukemogenesis is unknown ( 3 ), the Working Group did note that agents known to cause leukemia in humans also cause chromosomal aberrations in peripheral blood cells of humans. Multiple published studies of humans exposed to inhaled formaldehyde have shown higher rates of chromosomal aberration in peripheral blood lymphocytes in exposed individuals compared with controls ( 30 -41 ), although the difference was statistically signifi cant only in a subset of these studies ( 31 -38 ) . One study showed an inverse association of chromosomal aberrations with exposure ( 42 ) .
Excess risks for Hodgkin lymphoma and multiple myeloma also contribute to the association with lymphohematopoietic malignancies overall. Although based on only 27 deaths, the association with Hodgkin lymphoma in our study was strong and includes a statistically signifi cant exposure -response trend for both peak and average exposure. Cumulative risk estimates were greatest in the 1970s, but remained elevated through 2004. Although recent updates of studies of industrial workers by Coggon et al. and Pinkerton et al. showed standardized mortality ratios for Hodgkin lymphoma of 0.70 (95% CI = 0.26 to 1.53) and 0.55 (95% CI = 0.07 to 1.98), respectively ( 19 , 24 ) , the strength of the association observed between formaldehyde and Hodgkin lymphoma shown here warrants further study. There are no wellestablished chemical causes of this disease ( 43 ) , although there is some evidence that employment in woodworking occupations may increase risk ( 44 , 45 ) ; the strongest evidence for an etiologic factor for Hodgkin lymphoma may be immune response to childhood infections ( 43 ) . In our analysis, controlling for wood dust or other industrial coexposures did not substantively change the association. Table 2 . HLP = lymphohematopoietic malignancies, NHL = non-Hodgkin lymphoma, HDG = Hodgkin lymphoma, MM = multiple myeloma, LEU = leukemia, LYL = lymphatic leukemia, MYL = myeloid leukemia; RR = relative risk.
Multiple myeloma showed evidence of exposure -response trends for peak exposure within the exposed categories, but the greatest risks occurred among the unexposed. The epidemiological literature regarding formaldehyde and multiple myeloma is limited; Hayes et al. ( 16 ) reported a small, non-statistically signifi cant excess among embalmers, but the Pinkerton study found no excess ( 24 ) .
A limitation of our study is that exposure assessment ceased in 1980. In primary analyses, we assumed that zero exposure occurred after 1980, which may have increased exposure misclassifi cation. Only 11% of the cohort was exposed to formaldehyde in 1980. If exposure continued until age 65, we would have underestimated exposure for 6% of the person-years. Estimated exposure levels in our cohort decreased before 1980 and likely continued to decline for the small numbers exposed after 1980. This pattern of decreasing levels over time is supported by measurement data from OSHA ( 46 ) and a study in the wood panel industry ( 47 ) . Thus, it is unlikely that many workers in the cohort would have had substantial exposures after 1980. When we censored workers still exposed in 1980, risks increased for myeloid leukemia, which may refl ect exposure misclassifi cation resulting from assuming zero post-1980 exposure. When we assumed that exposure continued at the same level among the exposed in 1980 until age 65 years, results did not substantively change for any site.
Although exceptional efforts were made to develop high-quality exposure assessments, misclassifi cation undoubtedly occurred. As with all studies, estimation of exposures from limited measurement data is diffi cult and complex. Although validation was not possible, effects of misclassifi cation may be gauged by comparing full-shift exposure estimates with the monitoring data. A sample of 21 jobs showed a correlation coeffi cient of 0.50 ( 8 ) . In a prospective study such as this where information on exposure is assembled independently from, and before, determination of mortality, exposure misclassifi cation would be nondifferential, which would bias relative risks toward the null ( 48 ) .
We used cause of death information provided by NDI Plus. Although agreement between underlying cause of death on death certifi cates and hospital diagnoses is generally high, certain types or sites of cancer are underreported on death certifi cates, including lymphocytic and myeloid leukemia ( 49 ) . Any misclassifi cation should be nondifferential with respect to exposure. Additionally, we may have underascertained cases because we considered an individual alive if NDI Plus did not identify the subject as deceased. Any resulting underascertainment should have also been nondifferential with respect to exposure. Thus, both possibilities for misclassifi cation would bias our results toward the null. Table 3 . HLP = lymphohematopoietic malignancies, NHL = non-Hodgkin lymphoma, HDG = Hodgkin lymphoma, MM = multiple myeloma, LEU = leukemia, LYL = lymphatic leukemia, MYL = myeloid leukemia; RR = relative risk.
The large size, extended follow-up, and quantitative exposure assessment are major strengths of this study. Despite inherent limitations, the detailed occupational exposure assessment allowed the development of formaldehyde exposure indices not possible in other investigations. Unlike other analyses of cohort studies ( 19 , 24 , 29 ) , we used an internal comparison group to calculate relative risks as opposed to using the general population to calculate standardized mortality ratios. This was a distinct advantage as it reduces the bias that accompanies comparisons between occupational groups and an external referent ( 50 ) , reduces confounding by unknown factors, and is the most appropriate approach for analyses with quantitative exposure assessments ( 48 ) . Unexposed and exposed groups may have differed on characteristics such as socioeconomic status; therefore, as in the previous analyses of this cohort ( 5 , 6 ), we used the lowest exposure category as the referent to minimize the impact of unmeasured confounding. We calculated standardized mortality ratios to allow comparison of our results with other studies. Patterns of relative standardized mortality ratios, found by dividing the exposure category -specifi c standardized mortality ratios by the standardized mortality ratio in the referent (low exposed) category, mirrored those of the relative risk estimates.
The IARC Working Group determined there was "strong, but not suffi cient evidence for a causal association between leukemia and occupational exposure to formaldehyde" ( 3 ). In the current follow-up, the overall risk of myeloid leukemia has declined from our previous report, but remains somewhat elevated. Although that time trend may suggest that the previous excess risk estimates were due to chance, the pattern is consistent with a possible causal association, with the largest risks occurring closer in time to relevant exposure. The wavelike pattern of the relative risks over time resembles that seen for known leukemogenic agents ( 51 ) . In addition, the excess risk of lymphohematopoietic malignancies related to peak formaldehyde exposure is partially due to increased risks of multiple myeloma and Hodgkin lymphoma, which were also seen in the earlier follow-up. These associations are more diffi cult to interpret since, unlike leukemia, they have not been linked to formaldehyde exposure in other epidemiological studies. It is our opinion that the overall pattern of risks seen in this extended follow-up of formaldehyde workers, although not defi nitive, warrants continued concern. Further studies are needed to evaluate risks of leukemia and lymphatic tumors in other formaldehydeexposed populations and to assess the biological plausibility of a causal association.
